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Objective: Meniscus lesions following trauma or associated with osteoarthritis (OA) have been described,
yet meniscus aging has not been systematically analyzed. The objectives of this study were to (1)
establish standardized protocols for representative macroscopic and microscopic analysis, (2) improve
existing scoring systems, and (3) apply these techniques to a large number of human menisci.
Design: Medial and lateral menisci from 107 human knees were obtained and cut in two different planes
(triangle/cross section and transverse/horizontal section as well) in three separate locations (middle
portion, anterior and posterior horns). All sections included vascular and avascular regions and were
graded for (1) surface integrity, (2) cellularity, (3) matrix/ﬁber organization and collagen alignment, and
(4) Safranin-O staining intensity. The cartilage in all knee compartments was also scored.
Results: The new macroscopic and microscopic grading systems showed high inter-reader and intra-
reader intraclass correlation coefﬁcients. The major age-related changes in menisci in joints with no
or minimal OA included increased Safranin-O staining intensity, decreased cell density, the appearance of
acellular zones, and evidence of mucoid degeneration with some loss of collagen ﬁber organization. The
earliest meniscus changes occurred predominantly along the inner rim. Menisci from OA joints showed
severe ﬁbrocartilaginous separation of the matrix, extensive fraying, tears and calciﬁcation. Abnormal
cell arrangements included decreased cellularity, diffuse hypercellularity along with cellular hypertrophy
and abnormal cell clusters. In general, the anterior horns of both medial and lateral menisci were less
affected by age and OA.
Conclusions: New standardized protocols and new validated grading systems allowed us to conduct
a more systematic evaluation of changes in aging and OA menisci at a macroscopic and microscopic level.
Several meniscus abnormalities appear to be speciﬁc to aging in the absence of signiﬁcant OA. With aging
the meniscal surface can be intact but abnormal matrix organization and cellularity were observed
within the meniscal substance. The increased Safranin-O staining appears to represent a shift from
ﬁbroblastic to chondrocytic phenotype during aging and early degeneration.
 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The menisci play an important role in the complex biome-
chanics of the knee joint, which is emphasized by the fact that
meniscal tears, partial and total meniscectomy, and meniscal
degeneration contribute to the development or progression of knee
osteoarthritis (OA)1e8.
Macroscopic and microscopic changes in human menisci and in
menisci from animal models of OA have been reported9e15. WhileD.D. D’Lima, Shiley Center for
ic, 11025 North Torrey Pines
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.D. D’Lima).
s Research Society International. Pthese prior studies described certain changes of aged or torn knee
menisci, they focused on speciﬁc pathological features of interest
and did not provide a global quantiﬁcation of relevant changes
throughout this tissue. The precise relationship between aging-
associated changes in meniscus and articular cartilage in human
knee joints also remains to be established.
To enable a better understanding of meniscus pathophysiology,
a comprehensive system to evaluate macroscopic and microscopic
changes is required. Over the past few decades, improved grading
systems evaluating the histological characteristics of cartilaginous
tissues have been developed including the Mankin16, osteoarthritis
cartilage histopathology assessment system (OOCHAS)17, and the
International Cartilage Repair Society (ICRS) scoring systems.
Similar accepted systems for macroscopic and histologicublished by Elsevier Ltd. All rights reserved.
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evaluation systems concentrated on narrow features of interest
such as cellularity and matrix organization11,18e21, cellular pheno-
type22,23 or meniscal tears24,25. However, no scoring approach
integrates the status of the tissue surface, cells, tissue morphology
and histochemical analyses to characterize normal aging and
diseased tissue at both macroscopic and microscopic levels. In
addition, collection of material from the different meniscal regions
varies widely among studies and often does not provide a compre-
hensive representation of the different regions of the tissue.
The aims of the present study were to (1) develop and validate
a macroscopic meniscus grading system to quantify zonal degener-
ationwithin the human knee by assigning individual scores for each
region (anterior, mid and posterior) for an improved assessment of
progressive changes with aging and disease, (2) establish stan-
dardized protocols for harvesting and processing meniscus samples
to provide a consistent and reproducible overview of tissue struc-
ture, (3) integrate and enhance existing methods into a systematic
evaluationof thehumanmeniscus, and (4) document changesdue to
aging and contrast these changes with those due to OA.
Materials and methods
Human knee joints
Entire human knee joints were collected by resection of femur,
tibia and ﬁbula 15 cm above and below the joint line from tissue
banks (approved by Scripps institutional review board). The knees
were received within 72 h postmortem. For macroscopic grading
and histologymenisci were harvested from 107 knee joints from 54
donors (26 males, 28 females; age range¼ 23e92, 76% Whites and
24% Hispanics). Subjects with a history of arthritis or knee trauma
were excluded. Macroscopic and microscopic grading of the artic-
ular cartilage in all knee compartments were performed as
described16,17,26. For, macroscopic grading of articular cartilage nine
scores per condyle, three scores per trochlear region, nine scores for
each tibial plateau and nine scores for the patella were assessed
according to the ICRS map by using a modiﬁed Outerbridge
system16,17,26.
Meniscus harvesting and processing for histological assessment
High resolution digital photographs of the femoral and tibial
sides of the menisci were captured before 1.5e2 cm long slices
were resected from the anterior, middle and posterior region of
each meniscus. The tissue samples were cut at 45, 90 and 135
angles relative to the sagittal plane and ﬁxed in Z-Fix (Anatech,
Battle Creek, MI) for 2e3 days.
Each of the ﬁxed tissue pieces was cut in two different planes to
obtain a representative overview of the tissue structure (total six
different tissue samples per meniscus). The vertical section
(perpendicular to the longitudinally/circumferentially oriented
collagen bundles) generated a triangular specimen, which provides
an overview of the femoral and tibial surfaces of the meniscus as
well as the inner rim and the vascular region. The second section
extended horizontally from the inner rim to the vascular zone
adjacent to the capsule at a 30 angle relative to the tibial plateau.
The horizontal section revealed the parallel organization of the
collagen bundles and the matrix morphology in greater detail. In
addition, a representative overview of the cellular organization
within the collagen bundles was obtained. We also recorded more
detailed information concerning inner rim morphology, calciﬁca-
tion, and cell cluster formation. Tissue sections were marked on the
femoral sides with tissue marking dye (Cancer Diagnostics, Mor-
risville, NC) to maintain orientation during analysis.Tissue processing and staining
After ﬁxation, dehydration with alcohol, Pro-Par Clearant (Ana-
tech) and inﬁltrationwith parafﬁn (Paraplast, McCormick Scientiﬁc,
Richmond, IL) samples were embedded in parafﬁn and oriented
according to the labeling with the marking dye. Four micrometer
sections were cut and stained with hematoxylin and eosin (H&E) to
evaluate cellularity, cellular morphology, collagen alignment and to
obtain a general overview of tissue organization. Safranin-OeFast
Green (Saf O) staining was performed for the semi-quantitative
evaluation of proteoglycan content27. Alcian Blue stain was applied
for assessment of mucoid degeneration. Picrosirius Red stain was
used to qualitatively assess the collagen ﬁber organization and
Alizarin Red stain was used to detect meniscus calciﬁcation.
Development of a macroscopic grading system
Both menisci of each knee were divided into six zones (zones
AeF). Each zone was given a grade between 1 and 4. Grade 1:
Normal intact menisci, attached at both ends with sharp inner
borders, no tibial or femoral surface changes. Grade 2: Fraying at
inner borders, tibial or femoral surface ﬁbrillation, no tears. Grade
3: Partial substance tears, fraying, tibial or femoral side ﬁbrillations.
Grade 4: Full/complete substance tears, loss of tissue, tissue
maceration. Calcium deposition was marked in addition to the
grade (Fig. 1).
Development of a histological scoring system
The grading system reported in this study was developed after
reviewing slides from different healthy, aged, and diseased donors.
For the histological evaluation of meniscus, criteria were selected
that were signiﬁcantly associated with major changes due to age
and disease (Table I). These criteria include (1) tissue surface
characteristics (smooth or degree of ﬁbrillation, clefts and undu-
lation) on the femoral, tibial side and inner border; (2) cellularity
(normal, hypercellular, hypocellular, and acellular regions); (3)
matrix and collagen ﬁber organization that included hyaline and
mucoid degeneration, calciﬁcation, cyst formation, fraying and
tears; (4) Safranin-OeFast Green matrix staining intensity. The
presence or absence of cell clusters or calcium deposition was also
recorded. Following evaluation of each category, a total score was
calculated. Grade 1 represents normal tissue with scores ranging
from 0 to 4. Grade 2 indicates mild degeneration with scores
ranging from 5e9. Moderate degeneration is seen in Grade 3 tissue
(scores of 10e14), while Grade 4 represents the most severe
degeneration (scores ranging from 15e18). Calcium deposits and
cell clusters typically appeared in Grades 3e4. We propose a sepa-
rate assessment of calciﬁcation and cluster formation to provide
complete information concerning the various types of changes.
Representative micrographs depicting the range of changes are
presented in Figs. 2e5.
Validation of the grading systems
To validate the macroscopic grading system proposed in this
study, 107 lateral and medial menisci were graded by four different
readers for inter-reader agreement; and, two of the readers per-
formed the grading twice, with a time difference of at least 3weeks.
To validate the microscopic grading system proposed in this
study, a set of 222 slides out of all the menisci in this study were
collected covering all possible scores from 0e18. The slide collec-
tion was randomized and three readers performed the grading
blind regarding donor age, gender and disease state to assess inter-
reader agreement. Two of the readers performed the grading twice
Table I
Criteria and scores for histological assessment of menisci. The range of possible total
scores is 0e18. This total score can be converted to a grade as follows: G1¼0e4,
G2¼ 5e9, G3¼10e14, G4¼15e18. Grade 1 represents normal tissue, Grade 2 is
mild degeneration, Grade 3 is moderate and Grade 4 is severe degeneration.
Score
I Surface including lamellar layer:
I-I Femoral side:
A Smooth 0
B Slight ﬁbrillation or slightly undulating 1
C Moderate ﬁbrillation or markedly undulating 2
D Severe ﬁbrillation or disruption 3
I-II Tibial side:
A Smooth 0
B Slight ﬁbrillation or slightly undulating 1
C Moderate ﬁbrillation or markedly undulating 2
D Severe ﬁbrillation or disruption 3
I-III Inner border:
A Smooth 0
B Slight ﬁbrillation or slightly undulating 1
C Moderate ﬁbrillation or markedly undulating 2
D Severe ﬁbrillation or disruption 3
II Cellularity
A Normal 0
B Diffuse hypercellularity 1
C Diffuse hypo/acellular regions 2
D Hypocellularity (empty lacuna, pycnotic cells) 3
III Collagen organization/alignment and ﬁber organization
A Collagen ﬁbers organized, homogenous eosinophilic
staining of extracellular matrix
0
B Collagen ﬁbers organized, diffuse foci of hyaline or
mucinous degeneration
1
C Collagen ﬁbers unorganized, conﬂuent foci or bands of
hyaline or mucinous degeneration, fraying
2
D Collagen ﬁbers unorganized, ﬁbrocartilaginous separation
(edema, cyst formation), severe fraying and tears
3
IV Matrix staining (Safranin-OeFast Green)
A None 0
B Slight 1
C Moderate 2
D Strong 3
Cell clusters: present þ, þþ, þþþ.
Calcium deposition: present þ, þþ, þþþ.
Fig. 1. (A) Macroscopic assessment: Grade 1: Normal intact menisci, attached at both ends with sharp inner borders, no tibial or femoral surface changes. (B) Grade 2: Fraying at
inner borders, tibial or femoral surface ﬁbrillation, no tears. (C) Grade 3: Partial substance tears (/), fraying, tibial or femoral side ﬁbrillations. (D) Grade 4: Full/complete substance
tears, loss of tissue (*), tissue maceration. *Calcium deposition is marked in addition to the grade. Red marks in bed indicate the degeneration pattern. Every location (A/F)
posterior, (B/E) middle, (C/D) anterior can be given a grade 1e4.
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Statistical analysis
We utilized intraclass correlation coefﬁcients (ICCs)28,29 to
summarize intra- and inter-rater agreement on the scales. We also
used a nonparametric approach to compare raters, by calculating
the proportions of rater differences greater than reference values.
This is effectively a nonparametric form of Bland and Altman’s
limits of agreement method30. Calculations were performed in
Stata 9.2 (Statacorp, College Station, TX).
Results
Macroscopic scoring system for menisci
Macroscopic scoring for 107 pairs of menisci (lateral andmedial)
was performed independently by four readers. In addition, two
readers undertook replicate scoring after a minimum period of 3
weeks. Differences in replicate scores within readers were one unit
or less in 96e98% of cases. Inter-reader differences were more
widely dispersed than intra-reader differences (Supplementary
Tables IIA and IIB). Perfect agreement between readers dropped
off, ranging from 37% to 70%. Nevertheless, relative to the one unit
reference value, agreement remained high: scores from different
readers were within one unit of one another in 84e95% of cases.
ICCs were uniformly high, ranging from 0.918 to 0.991 in medial
scores, and from 0.923 to 0.994 in lateral scores. Intra-reader ICCs
ranged from 0.969 to 0.994, and were somewhat larger than inter-
reader ICCs [range 0.918e0.962], though differences were less than
0.1 in magnitude (Supplementary Tables IVA and IVB).
Microscopic scoring system for menisci
Microscopic scoring was performed independently by three
readers. In addition, two readers undertook replicate scoring.
Two schemes are reported: total scores (0e18), and grades (1e4)
(Score 0e4¼Grade 1; Score 5e9¼Grade 2; Score 10e14¼Grade 3;
Score 15e18¼Grade 4). Frequency distributions of the intra- and
Fig. 2. Histological assessment of meniscus integrity: (A, B) Normal meniscus: the meniscus surface is smooth, no fraying or surface ﬁbrillation, score 0. (C, D) Mild changes: The
meniscus surface shows slight ﬁbrillation or undulation, score 1. (E, F) Moderate ﬁbrillation, fraying and/or undulation, some clefts are present, score 2. (G, H) The meniscus shows
severe fraying and tears, severe disruption, score 3. Safranin-OeFast Green, 4.
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in Supplementary Table III. In the replicate readings, perfect agree-
mentwith total scores (0e18) ranged from73% to 87%, and from94%
to98%with theGrades (1e4). For both readers, replicate scoreswere
within one unit of one another in 97e100% of cases. Total scores
fromdifferent readerswerewithin one unit of one another between
75% and 87% of cases; with the Grades (1e4), 100% of cases were
scoredwithin oneunit of one another bydifferent readers. ICCswere
uniformly high: Intra-reader ICCs ranged from 0.972 to 0.997, and
were somewhat higher than inter-reader ICCs [range 0.887e0.990]
(Supplementary Table V). These observations indicate that the new
scoring system that covers a large number of important cell and
extracellular matrix changes has a high degree of reproducibility
within and between different readers.
Analysis of menisci in aged joints
To identify changes attributed primarily to aging, menisci from
joints (age range¼ 23e92) with minimal changes in articular
cartilage (macroscopically classiﬁed as Outerbridge Grade I or II)
were analyzed and compared to young normal knees (Grade 1) and
OA knees (Grade III or IV) (Fig. 6).
Macroscopically, menisci with advancing age appeared more
opaque with a yellowish color compared to healthy youngerFig. 3. Histological assessment of meniscus cellularity: (A) Normal cell distribution, score
regions, score 2. (D) Hypocellular meniscus tissue, score 3. H&E, 40.menisci with a translucent, smooth and glistening surface [Fig. 7(A
and C)]. Surface roughening without severe ﬁbrillation was
common in aged menisci.
Microscopically, we analyzed changes in meniscus cellularity,
surface integrity, matrix structure and Safranin-O staining intensity in
twodifferent planes including both the vascular and avascular regions.
Themajor changes attributed to age included an increased Safranin-O
staining intensity,whichwasevenlydistributedwithin the central part
of the avascular area (Fig. 9). A decrease in cell density was noted and
evidenceofmucoiddegenerationassociatedwithsome lossof collagen
ﬁber organization (decreased birefringence under polarized light
microscopy). Cell aggregates were observed, although not resembling
the typical cell clusters described later that appear in osteoarthritic
meniscus degeneration, which indicated a local ﬁbro-chondrocyte
proliferation or pseudo-cloning [Fig. 8(A)] reported before31.
In, young normal tissue the transverse/horizontal plane showed
cells in linear arrangement between collagen bundles [Fig. 8(B)].
These same cells visualized in a cross section appeared as single
evenly distributed cells. The cells were ovoid to round, resembling
the so-called ﬁbro-chondrocyte that is typical for young normal
tissue [Fig. 8(C)]. The cells close to the vascular zone were more
fusiform and represent ﬁbroblast-like cells [Fig. 8(D)]32e34. The
earliest microscopic changes in the surface, cellularity and matrix
organization were observed mainly along the inner rim.0. (B) Diffuse hypercellularity, score 1. (C) Meniscus tissue shows hypo- to a-cellular
Fig. 4. Meniscus morphology and collagen ﬁber organization: (A) Normal appearance of extracellular matrix and collagen ﬁber organization, score 0. (B) Diffuse foci (C) of
degenerated extracellular matrix (hyalin and/or mucoid), most of the collagen ﬁbers are organized, score 1. (C) Bands or conﬂuent foci of degenerated extracellular matrix substance
(hyalin and/or mucoid), most of the collagen ﬁbers appear unorganized, score 2. (D) Fibrocartilaginous separation (edema, hyaline and/or mucoid degeneration, cyst formation (A),
tears) with unorganized collagen ﬁbers, score 3. Safranin-OeFast Green, 4.
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Knees with signiﬁcant cartilage pathology (Outerbridge Grade
III or Grade IV) contained degenerated menisci with a dark yellow
to a light brown or reddish color. Calcium deposition on roughened
and ﬁbrillated surfaces was often present. Tears were frequently
observed in both medial and lateral menisci [Fig. 7(C)]. In a few
menisci with more severe degeneration, a tissue tag or scar tissue
most likely the result of a ﬂap tear was seen [Fig. 7(D)]. The
posterior horn was the most affected region in the meniscus
samples in this study, which is consistent with previous observa-
tions and severe degenerative lesions were typically horizontal
cleavages35e39. Our ﬁndings of posterior horn degeneration, and
the increasing prevalence with aging are also supported by a large-
scale magnetic resonance imaging (MRI) study40.
No meniscal ganglions or external cysts were observed in the
current study.
Histopathological evaluation of menisci from arthritic joints
(Outerbridge Grade III or IV) revealed a more severe ﬁbrocartila-
ginous disruption. The extracellular matrix features ﬁne ﬁbrilla-
tions and a loss of structure, most likely due to an edematous
swelling of the tissue. The fusion of spaces originally occupied by
matrix andmeniscus cells created small, irregular, cyst-like cavities.
These cavities appeared as irregular intra-meniscal pseudo-cysts
that were lined by smooth collagenous ﬁbers in which ﬂattened
cells (resembling ﬁbrochondrocytes) can be seen [Fig. 8(B)]. There
was an extensive variability in the pattern of proteoglycan staining
with areas of high intensity as well as areas devoid of staining. We
observed large variation in cell distribution with hypercellular,
hypocellular, and acellular areas as well as areas containing large
and abundant cell clusters. Abnormal cell clusters were found close
to the meniscus surface, typically associated with tears, and in
frayed areas. These cell clusters were seen in both positive andFig. 5. Safranin-OeFast Green staining intensity: (A) No stain for Safranin-O, score 0. (B) Sligh
score 2. Strong staining intensity for Safranin-O, score 3. Safranin-OeFast Green, 4.negative Safranin-O stained matrix, however, the matrix
surrounding these clusters was typically acellular. Cells around
frayed regions and tears were often larger compared to cells in
normal regions and compared to normal menisci. Overall, the
anterior horns of both medial and lateral menisci appeared to be
least affected macroscopically as well as microscopically.Discussion
Severe disruption and loss of articular cartilage are the struc-
tural hallmark of OA. OA is a whole-joint disorder involving other
tissues, such as ligaments, menisci, subchondral bone, synovial
membrane, and evenmuscle. The menisci play an important role in
both tibiofemoral compartments through load distribution and
shock absorption7,8,41e43. Our macroscopic and histopathologic
analyses demonstrated a strong association between degenerated
menisci and OA and support earlier ﬁndings that normally
appearing menisci are rarely found in knees with OA7,8,41e43. The
mechanistic relationship between meniscal damage and knee OA is
not yet fully understood. An otherwise healthy knee may develop
OA due to a meniscus tear and an intact meniscus can degenerate in
an arthritic knee.
Experimental animal models have been used to investigate
changes in menisci during the development of OA9e15.
Human meniscal degeneration has also been described by several
authors18,20,21,24,25,31,32,35e37,39,44e49. However, most of the grading
systems for meniscus pathology are MRI-based, and describe tears
and grades of mucoid degeneration19,50e53. In addition, little is
known of meniscus aging, at macroscopic and histopathologic
levels. Most studies of animal and human tissue developed
specialized evaluation systems to capture speciﬁc features of
interest such as cellularity and matrix organization11,18,20,24,25.t staining intensity for Safranin-O, score 1. (C)Moderate staining intensity for Safranin-O,
Fig. 6. Relationship between meniscus and cartilage gross morphology. Correlation between total cartilage scores (condyles, tibia, trochlea and patella) compared to the total
menisci scores. Cartilage scores were assessed according the mapping system recommended by the ICRS and by using a modiﬁed Outerbridge system. Macroscopic grades for both
menisci were obtained by using the new proposed grading systems in this study for each location (anterior, middle and posterior).
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and OA menisci at a macroscopic and microscopic level. We
developed and validated a more detailed grading system that is
comprehensive and includes macroscopic, histopathologic and
histochemical evaluation. The high ICCs for the macroscopic and
microscopic grading systems show that both grading systems are
reproducible and can be readily learned.
Several characteristics appear to be speciﬁc tomeniscus aging in
the absence of signiﬁcant OA. With aging in the absence of signif-
icant knee degeneration, the meniscal surface often remains intactFig. 7. Gross morphology: (A) Healthy meniscus with a smooth and glistening surface. The a
bundle/connective tissue bundle penetrates through the vascular zone into the meniscus tis
tears and calcium deposition. (D) Tissue tag or scar tissue most likely due to a ﬂap tear (*)while distinct changes in matrix stain and cellularity are observed
within the meniscal substance. This is in direct contrast to degen-
eration in articular cartilage, which almost invariably progresses
from the surface inward. Repetitive microtrauma, due to repeated
exposure of the musculoskeletal tissue to low-magnitude forces,
results in subclinical injury at the tissue level54. With aging there is
a greater tendency for accumulation of repetitive microtrauma in
the meniscus55. While we excluded donors with history or signs of
major trauma, the aging-associated changes reported in this study
might also represent a response to accumulated microtrauma.nterior horns are smaller and the posterior horns show a broad base. (B) A larger ﬁber
sue ()). (C) Degenerated menisci with severe tissue disruption (medial), fraying, small
.
Fig. 8. Cell arrangements: (A) Local ﬁbro-chondrocyte proliferation or pseudo-cloning. (B) Cells appear more arranged between the ﬁbers. (C) Ovoid to round cell shape; the
so-called ﬁbro-chondrocyte. (D) Fusiform, elongated cell shape, the so-called ﬁbroblast-like cell. Safranin-OeFast Green, 40 (A, B), 100 (C, D).
Fig. 9. Scores for Safranin-O staining intensity of both genders among age groups. In, the age groups over 30 years Safranin-OeFast Green staining intensity is increased. Per age
group we analyzed 7e17 menisci (n¼ 7e17). The error bars represent the 95% conﬁdence interval.
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C. Pauli et al. / Osteoarthritis and Cartilage 19 (2011) 1132e1141 1139In the early stages of OA, cartilage degeneration is seen typically
at the surface as ﬁbrillation of the superﬁcial zone. Endogenous
repair of articular cartilage is ineffective, extracellular matrix-
degrading enzymes are released, and progressive loss of cartilage
ensues. Our analyses indicate that degeneration of menisci initiates
within the substance of the tissue rather than the surface. Tissue
ﬁbrillation and disruption are ﬁrst seen at the inner rim, which
spreads to the articular surfaces of the meniscus over time, and
progresses to total disruption or loss of meniscus tissue, mainly in
the avascular zone.
Safranin-O staining has been used to analyze torn menisci or
animal models of OA15,25,56e58. Little is known about changes in
Safranin-O staining associated with the degeneration seen with
normal aging in the human meniscus. We analyzed changes in
Safranin-O staining in young normal, aged and degenerated
menisci. The increased Safranin-O staining with meniscus aging
could represent a shift from a ﬁbroblastic to chondrocytic pheno-
type during early degeneration and warrants further investigation.
Our results along with biochemical data published by Herwig and
Adams15,57 as well as gene expression studies59 provide evidence
for an accumulation of water-binding proteoglycans in aging and
degenerating human menisci and these changes suggest an
attempt at adaption or regeneration of the menisci56,58.
In, the presence of moderate or severe OA there was severe
matrix disruption in one or more of the meniscal regions. Macro-
scopically the posterior horn was most commonly affected. From
a biomechanical perspective, during knee ﬂexion, the femoral
condyles roll back on the tibial plateau and more forces are trans-
mitted to the posterior region of the meniscus often subluxing the
posterior horn of the lateral meniscus in deep ﬂexion15,56e58. On
the other hand, the anterior horn was consistently less affected.
This suggests that the anterior horn could be more resistant to
degeneration or that the anterior horn is exposed to less damaging
biomechanical loading. By macroscopic and histopathologic
examination, the inner rim of both medial and lateral menisci has
the tendency to degenerate before the femoral and tibial surface.
Abnormal cell clusters, reminiscent of those found in osteoar-
thritic cartilage were found in regions of severe meniscus matrix
disruption. These cells were associated with frayed edges and tears,
and with superﬁcial areas of degeneration. Single cells and cells in
hypercellular regions around these frayed edges appeared larger
than the more typical ﬁbrochondrocyte seen in normal menisci.
The association of abnormal cell clusters and hypertrophic single
cells with increased Safranin-O stain indicates a phenotypic tran-
sition to a chondrocytic appearance and the increase in cell size
could represent hypertrophic differentiation.
We studied menisci from almost equal numbers of male and
female donors. We did note higher scores for the females compared
to males but we did not detect statistically signiﬁcant gender
differences in macroscopic and histologic scores and grades, or in
Safranin-O staining intensity.
In summary, we present a comprehensive meniscus grading
system that is reliably and reproducibly sensitive to macroscopic
and histologic changes of aging and osteoarthritic degeneration.
We found several differences that distinguish aging from osteoar-
thritic meniscus degeneration. The initiation and progression of
meniscus degeneration differs in many aspects from that occurring
in articular cartilage.
Our ongoing studies include characterization of the phenotypi-
cally different cells in the different regions of the meniscus and the
change in cell function that is reﬂected in the macroscopic and
microscopic changes of degeneration. Our ﬁndings support the
notion that themeniscusplays an important role in the initiation and
progression of knee OA. A deeper understanding of meniscus func-
tion is crucial to gain therapeutic insights into this disease process.Author contributions
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